We previously reported a Vietnamese-American family with isolated autosomal dominant occipital cephalocele. Upon further neuroimaging studies, we have recharacterized this condition as autosomal dominant Dandy-Walker with occipital cephalocele (ADDWOC). A similar ADDWOC family from Brazil was also recently described. To determine the genetic etiology of ADDWOC, we performed genome-wide linkage analysis on members of the Vietnamese-American and Brazilian pedigrees. Linkage analysis of the Vietnamese-American family identiWed the ADDWOC causative locus on chromosome 2q36.1 with a multipoint parametric LOD score of 3.3, while haplotype analysis reWned the locus to 1.1 Mb. Sequencing of the Wve known genes in this locus did not identify any protein-altering mutations. However, a terminal deletion of chromosome 2 in a patient with an isolated case of Dandy-Walker 123 malformation also encompassed the 2q36.1 chromosomal region. The Brazilian pedigree did not show linkage to this 2q36.1 region. Taken together, these results demonstrate a locus for ADDWOC on 2q36.1 and also suggest locus heterogeneity for ADDWOC.
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Introduction
We recently reported a Vietnamese-American kindred with isolated autosomal dominant occipital cephalocele over three generations (Bassuk et al. 2004) . While the original report of this kindred focused on the atretic cephalocele, our subsequent review of brain imaging in the proband and his aVected second cousin showed Dandy-Walker malformation in addition to the cephalocele. Three other families with autosomal dominant Dandy-Walker malformation and occipital cephaloceles (ADDWOC) have been reported from Brazil, Spain, and China (Carvalho et al. 2006; Martinez-Lage et al. 1996; Zhao et al. 2007) , signifying the worldwide occurrence of this heritable disorder. Here, we further characterize the phenotype of the original Vietnamese-American kindred, map the locus to 2q36.1 by genome-wide linkage analysis, and describe an overlapping phenotype in a child with deletion of this region. We also demonstrate locus heterogeneity by excluding the Brazilian family from this locus.
Materials and methods

Patient data and DNA gathering
The ADDWOC pedigrees comprised a 3-generation Vietnamese-American family with 16 and a Brazilian family with 6 aVected individuals. Positive diagnosis was made by the presence of one or a combination of an occipital cephalocele or occult Dandy-Walker or cerebellar changes, as described in the results section. We tried to minimize any bias in this process by utilizing the opinions of multiple experts in the Weld in a blinded fashion. For the Vietnamese-American family, the attending neurologist contacted 14 family members, including 13 aVected individual used in the aVected-only linkage analysis, and administered informed consent with the approval of the local institutional review board. The Brazilian family was recruited separately and their clinical phenotype has previously been described (Carvalho et al. 2006) . Genomic DNA was extracted from blood or buccal samples collected from family members using Gentra Autopure LS (Qiagen). A Siemens Trio 3 Tesla MRI Scanner at the Northwestern University Magnetic Resonance facility was used for imaging studies.
Microarray SNP analysis and DNA sequencing The AVymetrix GeneChip Human Mapping 10 K Array (Xba 131) and the GeneChip Instrument System (Hybridization Oven 640, Fluidics Station 450, Scanner 3000) were used for single nucleotide polymorphism (SNP) genotyping at the Genomics Core Facility of Northwestern University Center for Genetic Medicine following the standard protocol supplied by the manufacturer. AVymetrix GCOS and GDAS software were used for scanning the arrays and assigning genotype calls. All array call rates were above 95%. Gene sequencing involved the exons and Xanking 100 bp intronic or 200 bp promoter regions of the proband DNA ampliWed using the Platinum Pfx PCR kit (Invitrogen). Primer sequences are available upon request. PuriWed PCR ampliWcation products were electrophoresed on ABI 3100 and 3730 DNA sequencers by the Genomics Core Facility at Northwestern University. Novel heterozygous SNPs found during gene sequencing of the proband DNA were resequenced using the same primers in all aVected individuals.
Genome-wide linkage analysis
Of the 11,560 total SNPs, 662 were excluded from further analysis due to lack of positional information from AVymetrix or location on the X chromosome, as this condition does not follow an X-linked pattern of inheritance. Additionally, 52 SNPs with Mendelian inconsistencies were identiWed using PedCheck (O'Connell and Weeks 1998) and excluded from further analysis. The remaining 10,846 SNPs were subjected to parametric multipoint linkage analysis assuming a fully penetrant autosomal dominant mode of inheritance, equal SNP allele frequencies, and a disease allele frequency estimated at 1/10,000. easyLINKAGE Plus(HoVmann and Lindner 2005) v5.02 was used to prepare the data for linkage computation using Allegro 2.0 f (Gudbjartsson et al. 2005) . The haplotype diagram was prepared using HaploPainter (Thiele and Nurnberg 2005) .
CGH and FISH analysis DNA samples from the proband and his maternal grandfather were subjected to comparative genomic hybridization (CGH) on a 1-Mb resolution genome-wide array CGH platform (Spectral Genomics, Inc.) using manufacturer's recommendation (Iafrate et al. 2004 ). G-banded karyotype analysis and Xuorescent in situ hybridization (FISH) on metaphase chromosomes was performed by the Genetic Services Laboratories at the University of Chicago. BAC clones from the RPCL-11 human library were selected across 2 q. Genomic DNA from BAC clones was isolated using a DNA isolation kit (Qiagen, Valencia, CA, USA) and directly labeled with Spectrum Orange-dUTP (Vysis/ Abbot, Abbot Park, IL, USA) or Spectrum Green-dUTP (Vysis/Abbott) using a standard nick-translation kit (Vysis/ Abbott). Slide, probe preparation, and hybridization were performed using standard methods. Additional information is available upon request.
Results
Brain imaging features in the expanded Vietnamese-American family While the initial study of the Vietnamese-American family focused on the occipital cephalocele present in seven family members (Fig. 1a) , we have now reviewed the brain imaging studies in the two most severely aVected family members (III-3 and III-8 in Fig. 2 ) in more detail. In addition to the cephalocele, III-3 and III-8 demonstrate DandyWalker malformation characterized by a small and upwardly rotated cerebellar vermis, marked cystic enlargement of the fourth ventricle, and greatly enlarged posterior fossa (Fig. 1b) . We also obtained MRI studies in seven additional family members that lacked an obvious cephalocele including those we originally designated as obligate carriers for the cephalocele trait (I-2 and II-4). While II-4 lacked an obvious cephalocele, her MRI demonstrated an occult cephalocele in a parasagittal section (Fig. 1c) as well as cerebellar vermal hypoplasia with a mildly enlarged fourth ventricle in the mid-sagittal section (Fig. 1d) . Similarly, I-2 demonstrated cerebellar vermal hypoplasia and a mildly enlarged cisterna magna (Fig. 1e) . MRI studies of 4 other family members, II-1, II-2 (Fig. 1f) , II-3, and II-6, also demonstrated mild to moderate cerebellar vermal hypoplasia. No anomalies were noted in the MRI study of II-7. While these family members did not display the full extent of posterior fossa developmental anomalies known as Dandy-Walker malformation, the cerebellar changes noted along with enlargement of the Xuid spaces around the cerebellum are considered less severe forms of the same continuum of developmental anomalies. On the basis of these MRI Wndings in this family, we recharacterized this inherited condition as ADDWOC. Out of the total of 14 family members considered in this study, all except II-7 were included in our aVected-only linkage analysis.
Interestingly, several family members (II-2, II-3, II-4, III-3) demonstrated mild protrusion of the occipital lobes through an apparently enlarged tentorial notch, which can be seen interposed between the splenium of the corpus callosum and the top of the vermis (arrowheads in Fig. 1 ). This anomaly resembles the dysplastic mesial occipital gyri seen in some patients with parietal foramina associated with mutations of ALX4 (Mavrogiannis et al. 2001; Reddy et al. 2000; Valente and Valente 2004) and suggests a subtle meningeal deWciency.
Genome-wide linkage analysis and sequencing
The genome-wide parametric LOD scores for this pedigree are shown in Fig. 3a . The most signiWcant score was observed at a single locus spanning 1.5 cM on chromosome 2 (225.3-226.8 cM) with a LOD of 3.3. The maximum LOD score was obtained at rs951997 and rs1374536 (Fig. 3b) . Haplotype analysis indicated that the co-segregating segment containing the ADDWOC locus is Xanked proximally by rs724149 and distally by rs1371552 (Fig. 4) , demarcating a 1.1 Mb region on chromosome 2q36.1 containing 5 known genes (Fig. 5) . Sequencing the genes in this region revealed two previously reported SNPs, rs2166652 and rs2044537, and two novel polymorphisms, S1 and A1. The dbSNP annotated markers, rs2166652 and rs2044537, are located 100 and 173 bp upstream of FARSB exon 1. The novel S1 variation is a G to A transition at the third base position resulting in a synonymous change of the Ala36 residue of SGPP2, while the A1 variation is an A insertion/deletion in a polyA stretch 85 bp upstream of ACSL3 exon 4. Extending the linkage analysis to include the four additional polymorphisms discovered through sequencing did not further delineate the ADDWOC locus, though a LOD of 3.3 was extended to include A1 (Fig. 3b) . No missense, nonsense, frameshift, or splice-site mutations were identiWed. Comparative genomic hybridization of I-8 and III-8 DNA on a 1 Mb resolution BAC array (Iafrate et al. 2004) failed to identify any signiWcant gains or losses.
We also performed a genome-wide linkage analysis on the Brazilian family, which was genotyped using the same AVymetrix platform. No evidence for linkage was detected at the 2q36.1 locus (maximum LOD of ¡7.59 at rs1440066), nor at a single locus. Instead, multiple loci with LOD scores of 1.20 occurred across several chromosomes (data not shown). Taken together, the linkage results for the Vietnamese-American and Brazilian families demonstrate locus heterogeneity in ADDWOC. We evaluated a 4-year-old boy with mild developmental delay who began walking at 14 months and uses about 50 words but no sentences at 4 years; formal intelligence testing has not been performed. His facial appearance was signiWcant for a relatively prominent forehead, mildly downturned vermilion border of the upper lip, deep-set eyes and Xat philtrum, and he has minimal high frequency hearing loss. His MRI shows mild cerebellar vermal hypoplasia and enlarged retrocerebellar Xuid space (Fig. 6a) . G-banded karyotype analysis revealed a small heterozygous deletion of distal 2q in 12 of 30 cells examined (Fig. 6b) . FISH analysis conWrmed a 20.5 Mb telomeric deletion encompassing the ADDWOC locus. The position of the deletion breakpoint was narrowed to a 0.2-Mb region of chromosome 2q36.1 between RP11-1080C21 and RP11-794I13 and 0.6 Mb centromeric to the ADDWOC locus. The karyotype is thus designated 46,XY,del(2)(q36.1!qter)[12]/46,XY [18] . Both parents had normal karyotypes.
Discussion
The pathogenesis of Dandy-Walker malformation is unknown but certainly heterogeneous. Most patients are sporadic with an empiric sibling recurrence risk less than 5% for the isolated form of the disease (Murray et al. 1985) . Families with autosomal dominant inheritance of typical Dandy-Walker malformation without an occipital cephalocele have not been reported, perhaps in part due to the occult nature of some of the weaker variants. In this paper; however, we cite several reports of families that feature a combination of Dandy-Walker malformation and occipital cephaloceles, which have recently been described.
The genetic causes of Dandy-Walker malformation and occipital cephaloceles are not well understood, although the Fig. 4 Haplotype analysis of the ADDWOC locus in the Vietnamese-American pedigree. SNP markers are listed along the left margin, and under each individual the corresponding alleles are listed. The two alleles for each SNP are represented by numbers 1 and 2. A1 allele 2 and S1 allele 2 are the newly discovered variants. The ancestral haplotype containing the ADDWOC aVection locus is noted by the closed box. Chromosomal recombinations during meioses leading to individuals II-3, III-3, and III-8 narrowed the ADD-WOC haplotype, as noted by the smaller box in those individuals last several years have seen some progress. The genes for several congenital anomaly syndromes associated with occipital cephaloceles have been reported; these include Knobloch, Joubert, Meckel-Gruber, Roberts, and WalkerWarburg syndromes (Beltran-Valero de Bernabe et al. 2002; Dixon-Salazar et al. 2004; Ferland et al. 2004; Kyttala et al. 2006; Parisi et al. 2004; Sertie et al. 2000; Smith et al. 2006; Valente et al. 2006; van Reeuwijk et al. 2005; Vega et al. 2005) . Our studies in patients with Dandy-Walker malformation and overlapping chromosome deletions mapped the Wrst two Dandy-Walker loci to 3q24 and 6p25, and identiWed ZIC1 and ZIC4 as the Wrst causative genes for Dandy-Walker malformation (Descipio et al. 2005; Grinberg et al. 2004) . However, no genes associated with the novel ADDWOC syndrome have been identiWed.
In the continuum of posterior fossa developmental anomalies, Dandy-Walker malformation is often associated with developmental delay, diYculty with balance, spasticity, poor Wne-motor control, and seizures. Hearing and/or visual diYculties are also associated with poor intellectual development. Those presenting with milder variants in this continuum can, however, have mild or no symptoms, a normal neurological exam, and normal intellectual development (Hart et al. 1972; Tal et al. 1980 ). In the VietnameseAmerican pedigree, only the third generation (III-3 and III-8) presented with Dandy-Walker malformation and the associated symptoms. The aVected family members in the Wrst and second generation, however, showed only milder posterior fossa variations while functioning normally as adults and with no associated signs or symptoms other than the presence of an occipital cephalocele. Although originally our diagnostic criteria were limited to the presence of an occipital cephalocele or obligate-carrier status, after recharacterization of this condition as ADDWOC we were able to use the neuroradiological features of Dandy-Walker malformation and milder anomalies in the cerebellum and its surrounding Xuid spaces as a more sensitive means of designating the aVection status in this pedigree.
A genome-wide linkage screen of ADDWOC in this three-generation Vietnamese-American family resulted in the most signiWcant evidence for linkage on chromosome 2 with a LOD score of 3.30 at 225.3-226.8 cM. We believe, given our assumptions, the maximum theoretical LOD score achievable for this pedigree is 3.61. The obtained LOD score is equivalent to the threshold value of 3.3 for signiWcant linkage of a Mendelian disorder in the presence Fig. 5 Features of the ADDWOC locus. Chromosome 2 idiogram is depicted on the left and the 2q36.1 region is magniWed to its right. Positions of SNP markers and genes are marked along this region. There ADDWOC locus is limited by rs724149 proximally and rs1371552 distally. There are 5 identiWed genes and 2 pseudogenes (NANOGP2 and LOC653773) in the ADDWOC locus, and PAX3 is located 107 kb outside the locus. Positive and negative strand genes are depicted on the right and left, respectively of locus heterogeneity (Terwilliger and Ott 1994) . Haplotype analysis conWrmed that this relatively small 1.1 Mb locus co-segregated with the ADDWOC phenotype. Additionally, we identiWed an isolated Dandy-Walker patient with a 2q36.1!qter deletion encompassing the 2q36.1 ADDWOC locus. Another isolated patient with a 2q35!qter deletion was also reported to have a DandyWalker malformation (Waters et al. 1993) , which is consistent with the presence of a Dandy-Walker locus in this region. A second genome-wide linkage screen of ADD-WOC in a four-generation Brazilian family failed to detect evidence for linkage at 2q36.1, providing evidence for locus heterogeneity of the disorder.
Sequencing the coding exons, immediately Xanking intronic regions, and promoter regions of SGPP2, FARSB, MOGAT1, ACSL3, and KCNE4 in the 2q36.1 locus failed to identify the disease-causing variant in our VietnameseAmerican ADDWOC family. Further, comparative genomic hybridization using a BAC array failed to identify any signiWcant gains or losses. Nevertheless, a higher resolution BAC array or analysis using multiplex ligation-dependent probe ampliWcation (MLPA) may be able to uncover deletions or other ploidy variations. It is also possible that a mutation in an uncharacterized gene in this locus or a mutation in a regulatory region aVecting the expression of a gene in this locus is causative for the ADDWOC phenotype. Furthermore, genes outside of this locus may also have enhancers/repressors located within the 2q36.1 locus. Regulatory elements have been identiWed 1 Mb away from the gene whose expression they control (Bien-Willner et al. 2007; Jeong et al. 2006) . In fact, point mutations in a SHH enhancer located greater than 1 Mb away from the SHH gene have been identiWed as the causative mutations in families with triphalangeal thumb and preaxial polydactyly (Gurnett et al. 2007 ). Therefore, it is possible that mutations of regulatory regions within the ADDWOC locus may aVect the expression of genes located outside of this locus.
The PAX3 transcriptional start site is located 107 kb centromeric to the ADDWOC 2q36.1 locus (Fig. 5) and proceeds from the negative strand, suggesting PAX3 cis-regulatory elements may lie within the ADDWOC locus. An association between PAX3 mutations and the ADDWOC clinical phenotype is suggested by observations in both murine Pax3 mutant lines, and in Waardenburg syndrome, which involves PAX3 mutations in humans (Tassabehji et al. 1993) . However, it is not clear whether putative changes in PAX3 expression due to disruption of its regulatory elements can mimic the eVects of exon mutations described in mice or humans. Genetic lesions in murine Pax3 lead to developmental abnormalities such as severe defects of the neural tube and neural crest derivatives (Franz and Kothary 1993; Mansouri et al. 1996 Mansouri et al. , 1994 Moase and Trasler 1989) including absent cerebellum (Keller et al. 2004 ) and hindbrain cranioschisis (Robert 1954) . Expression analysis of PAX3 in human fetuses by in situ hybridization detects transcripts in the ventricular zone at the mid-hindbrain boundary, and in the dorsal region of the ventricular zone and the roof plate of the medulla and the spinal cord (Terzic and Saraga-Babic 1999) . This posterior neural tube expression pattern is consistent with a role for PAX3 in the development of posterior fossa structures, the structures primarily aVected by ADDWOC. In addition, while individuals with Waardenburg syndrome typically present with abnormalities of eye and nose formation and deafness and pigmentation anomalies, several cases have been described with posterior neural tube defects (Hol et al. 1995; Kujat et al. 2007; Lu et al. 2007; Nye et al. 1998; Shim et al. 2004) , providing an additional link between PAX3 and posterior neural tube structures. In silico analysis did not reveal any signiWcant homology between PAX3 transcript and the sequence of the identiWed 2q36.1 locus, ruling out an undiscovered PAX3 homolog in this region.
We should Wnally point out that the appearance of the most severely aVected members of the Vietnamese-American pedigree in the third generation (III-3 and III-8) suggests the phenomenon of anticipation in this family. The number and depth of pedigrees is too small to deWnitively conclude whether this condition is associated with anticipation. Additionally, we did not observe any nucleotide repeat expansion in the areas we sequenced (i.e., exons and immediate intronic or promoter regions). Further, the di-, tri-, tetra-and higher order nucleotide repeats in this locus, similarly to other parts of the genome, are too numerous to be sequenced entirely using the simple sequencing technique utilized in this study. Nevertheless, we cannot rule out that a nucleotide repeat expansion somewhere in this locus may play a role in this condition. Further sequencing in the conserved non-coding or nucleotide repeat regions of the 2q36.1 locus may help to uncover the genetic basis for ADDWOC.
